Macroporous scaffolds composed of biodegradable polymers have found extensive use as three-dimensional substrates either for in vitro cell seeding followed by transplantation, or as conductive substrates for direct implantation in vivo. Methods abound for creation of macroporous scaffolds for tissue engineering, and common methods typically employ a solid porogen within a three-dimensional polymer matrix to create a well-defined pore size, pore structure, and total scaffold porosity. This study describes an approach to impart improved pore interconnectivity to polymer scaffolds for tissue engineering by partially fusing the solid porogen together prior to creation of a continuous polymer matrix. Three dimensional, porous scaffolds of the copolymer 85:15 poly(lactide-co-glycolide) were fabricated via either a solvent casting/particulate leaching process, or a gas foaming/particulate leaching process. Prior to creation of a continuous polymer matrix the NaCl crystals, which serve as the solid porogen, are partially fused via treatment in 95% humidity. Scanning electron micrographs clearly display fused salt crystals and an enhancement in pore interconnectivity in the salt fused scaffolds prepared via both solvent casting and gas foaming, and the extent of pore interconnectivity is enhanced with longer treatment times. Fusion of salt crystal for 24 h increased the radius of curvature of salt crystals, and led to a twofold increase in the compressive modulus of solvent cast scaffolds (total porosity of 97 6 1%). Fusion of NaCl crystals prior to gas foaming resulted in a decrease in scaffold compressive modulus from 277 6 60k Pa to 187 6 30k Pa (total porosity of 94 6 1%). The resulting highly interconnected scaffolds have implications for facilitated cell migration, abundant cell-cell interaction, and potentially improved neural and vascular growth within tissue engineering scaffolds.
INTRODUCTION P
OROUS SCAFFOLDS composed of biodegradable polymers have found extensive use in the engineering of several tissue types. 1, 2 Various tissue engineering strategies employ scaffolding materials as three-dimensional substrates either for in vitro cell seeding followed by transplantation (cell-based approaches), or as conductive substrates for direct implantation in vivo (conductive approaches). 3 The degree of success of these schemes depends, in part, on the internal structure of the scaffold system. Numerous applications require a highly interconnected, macroporous structure within a scaffold system to encourage neural and fibrovascular ingrowth, promote uniformity of in vitro cell seeding, and facilitate migration of both seeded cells and cells migrating from a contiguous in vivo site. Besides being crucial in nervous system applications, neural tissue ingrowth may be critically important in other tissues requiring sensory control, such as functional skeletal muscle, cardiac, and renal tissues. Fibrovascular ingrowth promotes mass transport to and from a developing tissue, and is particularly vital for the engineering of bulk tissues (i.e., bone, liver, skeletal muscle) in which cells do not have an avenue for procurement of oxygen and nutrients and excretion of metabolic waste. Furthermore, uniform cell seeding and facile cell migration are important to promote homogeneity of the developing tissue in both conductive and cell-based tissue engineering approaches.
Commonly used methods for processing biodegradable polymers in tissue engineering applications involve three steps: (1) inclusion of a dispersed porogen within a discontinuous polymer matrix; (2) a technique leading to the creation of a continuous polymer matrix around the dispersed porogen; and (3) leaching of the porogen from the polymer matrix leaving a macroporous, biodegradable polymer scaffold. 4 Although other techniques have been used to create a continuous polymer matrix in step 2 above, 4 this study will focus on the solvent casting 5 and gas foaming 6 processes in particular due to their frequent use to engineer numerous tissue types. [7] [8] [9] [10] [11] In the solvent casting process, 5 a polymer is dissolved in a suitable solvent and added to a porogen-containing mold, and then the porogen is dispersed. The solvent is then allowed to evaporate from the mixture under ambient conditions leaving a polymer matrix containing a porogen which can then be leached out in an appropriate solvent (usually H 2 O). In the gas foaming process 6 polymer particles are mixed with porogen particles and the mixture is compressed into a solid mixture of a discontinuous polymer with an interspersed porogen. The resulting pellet is then exposed to high pressure CO 2 gas, and after the pressure is allowed to equilibrate over a period of time the pressure is rapidly released causing a thermodynamic instability in the polymer component of the mixture. The instability causes the polymer to foam, and the originally discontinuous polymer particles fuse together to form a continuous polymer matrix around interspersed porogen particles, which are then leached out in a solvent. In each of these processes the degree of interconnection between pores in the resulting scaffold is determined by the interconnection of porogen particles during the solvent evaporation or polymer foaming steps, respectively. Because the porogen is dispersed, the degree of interconnection between porogen particles is not actively controlled, and thus the interconnectivity of pores in the final scaffold product is uncontrolled. Enhancement in and control over porogen interconnectivity may be an important concern in various tissue engineering strategies in view of the substantial advantages of pore interconnectivity within scaffolds.
This study was undertaken to develop a process for producing macroporous, biodegradable tissue engineering scaffolds with improved pore interconnectivity. Specifically, the goal was to vary existing processing methods for biodegradable polymers to designedly connect pores, while controlling the extent of pore interconnection. Pores are connected via the fusion of a salt porogen prior to formation of a three-dimensional polymer scaffold. Thus, after formation of the three-dimensional scaffold, removal of the fused porogen matrix leaves a highly interconnected pore structure. The copolymer poly(lactide-co-glycolide) (PLG) was specifically chosen for this study due to its biocompatibility, controllable biodegradability into natural metabolites, and widespread previous use as a macroporous tissue engineering scaffold system. [7] [8] [9] [10] [11] 14, 15 Improvement in pore interconnectivity may result in a more effective utilization of porous biodegradable scaffolds in various tissue engineering strategies, particularly in muscular and neural applications.
MATERIALS AND METHODS

Sample preparation
Poly(lactide-co-glycolide) pellets with a lactide/glycolide ratio of 85:15 were obtained from Medisorb, Inc. (IV 5 0.78 dL/g) and Boehringer-Ingelheim Inc. (IV 5 1.5 dL/g). Higher inherent viscosity PLG was used in the solvent casting process to ensure that the scaffolds would retain adequate mechanical integrity despite their relatively high porosity (,97%). Porous scaffolds were prepared either by solvent casting/par-ticulate leaching, or gas foaming/particulate leaching processes using NaCl as the particulate porogen. The solvent cast scaffolds were prepared as described elsewhere 5 with two major differences: (1) NaCl molds were not dispersed within the polymer solution prior to solvent evaporation (the polymer solution was poured into an NaCl-containing mold with no dispersion); and (2) the resulting NaCl molds were subjected to 95% humidity for periods from 0 to 24 h to achieve fusion of NaCl crystals prior to solvent casting. The gas foamed scaffolds were also prepared as described elsewhere 6 except that the compression molded NaCl/polymer solid pellets were subjected to 95% humidity for periods of 0-24 h to achieve salt fusion prior to polymer foaming. Following treatment in 95% humidity, samples were dried in a vacuum dessicator for 48 h before further processing. A closed, water-jacketed cell culture incubator (Forma Scientific, Inc.) held at 37°C was used to create a 95% humidity environment for fusion of NaCl crystals.
Scaffolds were circular disks with a diameter of 12 mm and a thickness of 3 mm. The pore size range was controlled by using NaCl particles with a diameter of 250-425 mm in the processing. The total porosity of scaffolds was calculated using the known density of the solid polymer, the measured polymer mass of the scaffold, and the measured external volume of the scaffold.
Materials characterizatio n
Electron microscopy. Fused salt molds were bisected and imaged prior to solvent casting to observe the extent of NaCl crystal fusion. In addition, polymer scaffolds were bisected after preparation via freeze fracture. A carbon coating was evaporated onto the surface of each bisected salt mold and polymer scaffold, and samples were imaged under high vacuum using a Hitachi S-3200N SEM operating at 20-30 kV.
Measurement of moduli.
Compressive moduli of scaffolds were determined using an MTS Bionix 100 mechanical testing system. Samples were compressed between platens with a constant deformation rate of 1 mm/min. Compression plates had a diameter of 45 mm and thus covered the entire 12-mm diameter surface of the scaffold. A small preload was applied to each sample to ensure that the entire scaffold surface was in contact with the compression plates prior to testing, and the distance between plates prior to each test was equal to the measured thickness of the scaffold being tested. Compressive moduli were determined for scaffolds without salt fusion and for each of four samples for each salt fusion time. At each time point, experimental moduli were compared to control moduli via a Student's t test to reveal significant differences in compressive modulus.
Image analysis. The radius of curvature of salt crystals was calculated from electron micrographs using microsoft paint software. The pixel size for each image was calibrated, and the pencil tool was used to mark tangent points on crystal edges. The calibration values and pixel coordinates were then used to calculate the cord length between tangent points, which was multiplied by Ï2/2 to obtain the crystal radius of curvature. The diameter of holes in pore walls was determined by measuring the major and minor diametral axes of each hole using microsoft paint and taking the average.
Statistical analysis. Four scaffolds were prepared, treated, and analyzed for NaCl incubation times from 0 to 24 h. Values on graphs represent means and standard deviations. Statistical analysis was performed using InStat software, version 2.01.
RESULTS
Incubation of NaCl crystals in 95% humidity resulted in fusion of the crystals, creating a highly interconnected NaCl matrix (Fig. 1a,b) . Fusion of salt crystals prior to addition of PLG in chloroform (solvent casting) resulted in enhanced pore interconnectivity within the scaffold. The pore structure within the scaffolds (Fig. 2 ) appears similar to the structure of the fused salt matrix (Fig. 1a,b) , as expected. Pores within the cross-section of 1 h salt fusion (SF) samples display a defined pore structure with intermittent holes in pore walls (Fig. 2a,c) , while the cross-section of scaffolds created from 24-h SF samples display a much less organized pore structure and a very large density of holes in pore walls (Fig. 2b,d ). The hole size increased significantly with fusion time, from an average diameter of 31 6 10 mm after 1 h of fusion to 78 6 21 mm after 24 h of fusion (p , 0.05). In addition, the pore walls in the 24-h SF scaffolds display thickness contours such that the walls appear thicker in the area adjacent to the holes in pore walls and along the outer diameter of the walls (Fig. 2d) . A higher magnification view of a pore wall within a 24-hr SF scaffold further displays the contoured structure of the pore walls (Fig. 2e) . The salt fusion process had no effect on the porosity of the scaffolds, and the calculated total porosities of the solvent cast scaffolds for each salt fusion time period were 97 6 1%.
A close examination of the electron micrographs of the solvent cast scaffolds formed after 1 and 24 h of NaCl fusion indicate that the exposure to 95% humidity has caused several important changes in the structure of the salt grains. In addition to the formation of bridges between grains at the points of contact, the radius of curvature of edges and corners in individual grains of salt has increased (Fig. 1a,b) . These changes are shown schematically (Fig. 3) . The increased radius of curvature at the edges and corners of each grain of salt results in an increased sphericity of each grain (Fig. 4) and thus in each resulting pore in the scaffold. The mean radius of curvature of the crystal edges increased from 19 6 10 mm to 32 6 15 mm after 12 h of exposure to 95% humidity, then to 62 6 18 mm after a full 24 h of exposure (Fig. 4) . As a result, many of the smaller crystals became nearly spherical in shape after 24 h of fusion. One additional consequence is that thicker polymeric struts may be formed in the space vacated by the corners and edges of each salt crystal, which may result in the thickness contours in pore walls described above and in varied mechanical properties.
Fusion of salt crystals in PLG/NaCl pellets prior to gas foaming also resulted in a pronounced variation in pore structure. The cross-section of 1-h SF samples (Fig. 5a,c) shows small holes in pore walls similar to those in the solvent cast 1-h SF samples. The 24-hr salt fusion samples lack a defined pore structure and pores appear to simply feed into each other (Fig. 5b,d ). The gas foamed SF scaffolds do not display any of the contours in pore walls observed in the solvent cast SF samples. Again, the salt fusion process had no effect on the total scaffold porosity. The total porosities of the gas foamed scaffolds for each salt fusion time period were 94 6 1%.
Fusion of salt crystals for 24 h resulted in a twofold increase in the compressive modulus of the solvent cast scaffolds (Fig. 6a) . No significant modulus change is observed after 1 or 12 h of salt fusion. Alternatively, there was a statistically significant decrease in the compressive modulus of gas foamed scaffolds processed using salt fusion when compared with control scaffolds (Fig. 6b) . 
DISCUSSION
NaCl crystals can be fused via exposure to a solvent-rich environment (95% humidity), resulting in enhanced pore interconnectivity within both solvent cast and gas foamed PLG scaffolds. Fusion of a NaCl matrix prior to solvent casting results in formation of holes in pore walls, and the diameter and sphericity of these holes increases with increasing salt fusion treatment. Salt fusion treatment causes an increase in the compressive modulus of solvent cast scaffolds, possibly due to the formation of thick annular struts adjacent to holes in pore walls. Enhanced pore interconnectivity may be useful in a variety of tissue engineering applications, particularly those requiring intimate cell-cell contact (i.e., neural and muscular applications). Also, because the salt fusion method imparts improved pore interconnectivity in both the solvent casting and gas foaming processes, the concept may be applicable to other solid porogen-based methods for producing macro-or micro-porous material systems with high interconnectivity. Utilization of a fused NaCl mold (Fig. 1a,b) in a solvent casting, particulate leaching method resulted in the formation of holes between pore walls in the scaffold (Fig. 2a-e) . With increased salt fusion time the pore structure within the scaffold cross sections became less organized (Fig. 2b,d ). The apparent lack of an organized pore structure is likely due to the excellent interconnectivity of the salt fused samples, which reduces the presence of well-organized, largely closed-off pores. Upon scaffold bisection many of the pores have flattened out due to their lack of a continuous pore wall. In effect, the increased continuity of the fused salt matrix creates corresponding discontinuity in the polymer matrix, leading to large openings between pores and superior interconnectivity. Additionally, intact samples could not be fabricated using salt fusion time periods of 48 h or more. This further supports the inverse relationship between salt matrix continuity and polymer scaffold continuity. Previous studies using solvent casting, particulate leaching processes in which salt is dispersed allow no control over pore interconnectivity in accord with the holes in pore walls displayed in the present study. 5, 7, 12 In a recent study, investigators utilized heat to fuse polymeric porogen a b
FIG. 3.
Salt fusion process by solid diffusion in a solvent-enriched (95% humidity) atmosphere. (a) Prior to fusion, the salt grains have small areas of contact and sharp radii at edges and corners. (b) After 24 h of exposure to 95% humidity, diffusion near the contact points has resulted in the formation of thick salt bridges between particles, as well as an increase in the radius of curvature at the edges and corners of each salt particle.
FIG. 4.
Increase in the radius of curvature of salt crystal edges prior to addition of polymer in the solvent casting/particulate leaching method. Radii were measured from electron micrographs of salt crystals fused for 0, 12, and 24 h. Based on an ANOVA followed by comparisons between group means (Bonferroni t tests), the change in mean edge radius from 0 to 12 h was not significant (p . 0.05); however, the change from 12 h to 24 h was extremely significant (p , 0.001).
particles together prior to solvent casting. 13 Although the use of heat may prove useful in several tissue engineering applications, the localized dissolution approach described herein may hold more broad applicability due to its potential for room temperature fusion of several types of porogen particle (both organic and inorganic), and its potential addition to processing techniques that can include bioactive inductive factors (i.e., gas foaming/particulate leaching). The fusion of NaCl crystals within PLG/NaCl mixtures prior to gas foaming also has a pronounced effect on pore structure. The pores within the 24-h SF gas foamed scaffolds appear to feed directly into one another, implying a very high interconnectivity without a large decrease in scaffold compressive moduli (Fig. 6b) . The gas foaming process has previously been used to process scaffolds containing biologically active vascular endothelial growth factor 14, 15 and plasmid DNA encoding for platelet-derived growth factor 16 to promote ingrowth of vascular tissue. Adding the salt fusion method reported herein to previous studies geared towards promotion of rapid angiogenesis may lead to the formation of a highly interconnected vascular supply throughout the interior of a tissue engineering scaffold. Achieving vascular ingrowth to maximum depths within a scaffold system is a substantial goal in bulk tissue engineering strategies, and a highly interconnected pore structure may be advantageous for optimal vascular tissue ingrowth. When exposed to humid environments, adjacent salt crystals fuse in a process called "caking," which often results in the formation of large agglomerations of rock salt or improperly stored table salt. Anticaking agents, such as calcium silicate, are added to table salt to prevent caking, essentially by absorbing moisture inside the package that otherwise would be absorbed into the surface of the salt grains. The rate of diffusion of atoms within the solid salt crystal lattice is increased by the presence of absorbed water. The increased diffusion allows the surfaces of the contacting salt particles to coalesce, forming bridges between particles in a process similar to that used for solid sintering of non-vitreous ceramic materials. The individual particles begin to coalesce because, in the process, the total surface area of the salt particles is reduced, thus reducing the surface energy. 17 The increased sphericity of each grain of salt (Fig. 4) is also thermodynamically favored, since this also reduces the total surface energy of each particle.
The solvent cast scaffolds had a significantly increased compressive modulus after 24 h of salt fusion (Fig. 6a) , whereas the gas foamed scaffolds did not (Fig. 6b) . We hypothesize that, for the solvent cast scaf- folds, the thicker struts of PLG material that were permitted to form in the space vacated by rounded corners and edges of the salt particles formed a stiffer structure, without an increase in the volume fraction of PLG in the scaffold. A similar increase in the modulus of the gas foamed scaffolds did not occur with increased NaCl fusion time. This may be due to the presence of PLG particles during the salt fusion in the gas foaming process. Undoubtedly there is some void space for interaction between adjacent NaCl crystals, even in the presence of both types of particles (NaCl and PLG). We hypothesize that the displacement of the salt surface resulting from diffusion was restricted to movement within the available void space. Evidence in support of this is clear in Figure 5b,d , in which the scaffold is composed of microperforated sheets, not present in the solvent cast scaffold, suggesting that during the NaCl fusion process the moving salt crystal surface was obstructed by, and perhaps flowed around, the smaller PLG particles. Thus, although bridges were formed between adjacent salt particles, the movement of the crystal surfaces was constrained by the presence of the PLG particles. This may have prevented the growth of void spaces in the salt structure that would lead to the formation of thick-section struts in the PLG scaffold, explaining why there was increased pore interconnectivity, but not increased compressive modulus, in the gas foamed scaffolds.
The salt fusion method described herein may be most applicable to the engineering of neural and muscular tissues due to their dependence on pore interconnectivity. Regenerative processes in the bridging of neural tissue defects (axonal elongation) and the development of functional skeletal muscle tissue (myoblast fusion) are examples of physiological processes requiring intimate cell-cell interaction. Strategies to bridge nerve gaps using a variety of natural and synthetic scaffolding materials have been only moderately successful even in gaps less than 10 mm in length, 18, 19 and reasons for failure in many cases include lack of adequate pore interconnectivity and inadequate mechanical integrity of the conduit. Recent studies using porous poly(lactic-co-glycolic acid) 20 and poly(L-lactic acid) 21 scaffolds for neural regeneration have shown promise in 12-mm nerve defects in a rat sciatic nerve model. Extension of this basic concept to larger, critical nerve defects may require controlled pore interconnectivity to allow vascular ingrowth, avoid pruning of regenerating fibers during axonal elongation and ensure that elongating axons reach their target organs. Several natural and synthetic scaffolds have also been proposed for regeneration of muscle tissue, [22] [23] [24] and the major challenge in muscle regeneration may be promotion of aligned myoblast fusion within a three-dimensional scaffold construct to encourage formation of functional muscle tissue with adequate contractile properties. 25 Investigators have employed various cell seeding and tissue cultivation methods to promote cell-cell contact with some success. 26 Enhanced and controlled pore interconnectivity may be another attractive scaffold characteristic to advocate myoblast fusion. Further, the survival of cells within a functioning muscle organoid is diffusion limited, 27 and thus ingrowth of vascular tissue is essential to increase the maximum diameter of functional muscle constructs in order to amplify contractile properties. The salt fusion process may be particularly beneficial in preparing highly interconnected scaffolds for neural and muscular applications due to the substantial advantages of pore interconnectivity in promoting three-dimensional cell-cell interaction.
